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One of the current goals in memory device development is to realize a high-density nonvolatile memory, i.e., maintaining stored information even when the power is turned off. Promising candidates for nonvolatile memory are magnetic random access memory ͑MRAM͒ 1 and ferroelectric random access memory ͑FRAM͒. 2 The former is designed to represent stable 0 or 1 values as a magnetic bit at a remanent state using the difference in magnetic resistance according to the directions of spin of ferromagnetic ͑FM͒ layers separated by a nonmagnetic layer. The basic concept for information storage of the latter is same, but it uses switchable spontaneous polarization states which exist in ferroelectric materials such as lead zirconate titanate ͑PZT͒. Ferroelectric materials are also used as piezoelectric devices such as sensors and actuators, because of their large piezoelectric coefficients. In order to achieve high-density memory in a MRAM device, the external magnetic field should be localized in a tiny cell to control the direction of spontaneous magnetization without any interference by neighboring cells. As the magnetic cell size shrinks, it is more difficult to localize a magnetic field.
Therefore, to realize high-density MRAMs it is imperative to develop a way to switch the direction of spin without applying an external magnetic field. In this letter, we demonstrate the possibility of applying a FM/piezoelectric hybrid system for use as a nonvolatile memory device, which has large remanence with respect to applied voltage via optimization of the CoPd alloy composition. The key idea is to control the direction of spontaneous magnetization of the FM layer on the PZT substrate by utilizing the inverse piezoelectric effect which is elongation of the lattice under applied voltage. This result shows a clear spin-reorientation transition in CoPd alloy films by combined inverse magnetostrictive effects and inverse piezoelectric effects of the PZT substrate, where the electric field is applied normal to the film plane.
The PZT substrates ͑Inostek Inc., Seoul, Korea͒ were fabricated by multiple spin coating with PZT solution ͑Zr/Ti ϭ52/48͒. Each PZT layer was deposited on a Pt(111)/Ti/SiO 2 /Si substrate at 4000 rpm for 20 s. Subsequently, it was dried at 450°C for 10 min and at 650°C for 2 min in a furnace. After the multicoating process, the PZT film was annealed at 650°C for 30 min in a tube furnace under O 2 atmosphere by the direct insertion method. The thickness of each coating layer was 120-200 nm and the final PZT film thickness was 1 m. The composition of the PZT sample used in this study is Pb͑Zr 0.52 Ti 0.48 )O 3 . This composition was chosen because PZT film with this composition has high piezoelectric properties. 3, 4 A 30 Å Pd film was first deposited on the PZT substrate as a buffer layer and then a 30 Å Co x Pd 1Ϫx alloy film was prepared. Finally, another 30 Å Pd film was deposited as a capping layer. This trilayer structured film was prepared by e-beam evaporation at a rate of 1.65 Å/min for the alloy and 1.24 Å/min for the Pd layers under a base pressure of 5 ϫ10 Ϫ8 Torr through a shadow mask with a hole 3 mm in diameter. The top Pd layer and bottom Pt layer in the film were used as the electrodes to apply an electric field vertically to the film plane by wiring to a function generator and/or a power supply. This vertical structure allows one to control magnetization switching of the CoPd alloy film on the PZT substrate with low voltage, since it has a large magnetostriction constant at an appropriate alloy composition 5 and, therefore, the direction of magnetization can be easily engineered via magnetoelastic coupling. 6, 7 A schematic diagram of the sample's structure and of the measurement configuration is shown in Fig. 1 . Polar magneto-optical Kerr effect measurements were carried out with a 45°incident laser beam, where the magnetic field was applied perpendicular to the film plane as shown in Fig. 1 . Details of the magneto-optical Kerr effect measurement system are described elsewhere. ) is an important parameter for application to the present system of FM/piezoelectric hybrid layers, because the inverse piezoelectric effect of the ferroelectric layer provides actual strain to the FM layer. The d 33 of this sample is about 270 pm/V, which turned out to be sufficient for the present application.
To investigate the magnetization orientation with respect to applied voltage, we measured the magnetic field dependent polar Kerr rotation ( K ) hysteresis loops at a given voltage. Then, we determined the squareness ( K rem / K sat ) as a function of applied voltage, shown in Fig. 3 , where K rem is the remanence at zero magnetic field and K sat is the saturation value as indicated in the inset. The direction of spontaneous magnetization is normal to the film plane for a squareness value of 1. Since the magnetoelastic coupling constant has a maximum value at about 25 at. % Co, 5, 7 we carried out the experiments with alloy compositions of xϭ0.20, 0.25, and 0.35. It was found that the behavior of the magnetization orientation versus applied field depends greatly on the alloy composition.
In the case of the Co 0.20 Pd 0.80 alloy film with strong perpendicular magnetic anisotropy, the squareness changes slightly and has weak-linear hysteresis in response to voltage being applied as shown in Fig. 3͑a͒ . Therefore, the magnetic easy axis is believed to remain in nearly the same direction, irrespective of the voltage applied. In contrast, the direction of the magnetization of the Co 0.25 Pd 0.75 alloy film is remarkably controlled by applied voltage as demonstrated in Fig.  3͑b͒ . The squareness at positive saturation voltage ͑ϩ10 V͒ is 0.6 and it changes to 0.9 at negative saturation voltage ͑Ϫ10 V͒, which implies reorientation of spontaneous magnetization takes place from the canted to the nearly perpendicular direction. 9 Note that this spin-reorientation transition originates from the inverse piezoelectric effect of the PZT film via control of the voltage. It should be emphasized that this FM/piezoelectric hybrid system with vertical structure can be used in nonvolatile memory devices, since the orientation of magnetization nearly remains after removing any applied voltage. The small asymmetry in K rem / K sat hysteresis with respect to applied voltage might come from the non180°domain switching typically found in PZT films. 10 The Co 0.35 Pd 0.65 alloy film with a canted state of magnetization shows interesting behavior in magnetic-squareness response to applied voltage as seen in Fig. 3͑c͒ . The variation of the squareness with respect to applied voltage is not significant similar to in the Co 0.20 Pd 0.80 alloy film. In this case, however, the hysteresis loop of K rem / K sat versus applied voltage reveals a butterfly-like shape in contrast with the squarelike loop observed in the Co 0.25 Pd 0.75 alloy film. At positive and negative saturation voltages, the squareness is 0.55 and it slightly increases up to 0.65 at Ϯ2.5 V near the coercive voltage. In view of application for nonvolatile memory devices, this alloy composition is unsuitable because of the poor remanence. The butterfly-like hysteresis loop might come from a complicated interplay between a magnetostrictive property in the CoPd layer and a piezoelectric property of the PZT film, but detailed investigation of the origin of this is beyond the scope of this study.
In order to confirm the voltage-induced response in the present system, the Kerr intensity (V dc ) as a function of time, in response to sinusoidal input voltage (V in ) of the amplitude from 1 to 5 V at frequency of 0.1 Hz, was investigated for the Co 0.25 Pd 0.75 alloy sample. It can be seen from Fig. 4͑a͒ that the V dc signal exactly follows the input voltage wave form and frequency when the amplitude of the voltage applied is smaller than the coercive voltage of about 3 V. On the other hand, the frequency of V dc is double that of the input voltage once the voltage applied is larger than the coercive voltage. Figure 4͑b͒ shows V dc versus applied voltage loops obtained from Fig. 4͑a͒ . We clearly see a nearly linear reversible response of V dc for applied voltage smaller than the coercive voltage, whereas V dc at 5 V reveals the butterfly-like shape often observed in the strain versus electric field loop in piezoelectric films. These interesting observations at more than 3 V can be understood in conjunction with the inverse piezoelectric effect and polarization switching of the PZT film by a driving voltage larger than the coercive voltage. 11, 12 As the driving voltage increases above the coercive voltage, it is large enough to switch the direction of polarization in response to the inverse piezoelectric effect via realignment of domains in the direction of the field applied, which is responsible for the observed frequency doubling. The asymmetry of V dc hysteresis with respect to applied voltage is similar to that of piezoelectric coefficients and strain typically found in PZT films. The reason for this asymmetry probably lies in the difference in the amount of non-180°domain switching in the forward and reverse bias field conditions due to interfacial constraint at the substrate. 10, 13, 14 In summary, we demonstrated that the spontaneous direction of magnetization in FM films could be controlled by the inverse piezoelectric effect in PZT films with low driving voltage. A promising memory cell structure which has large remanence at zero applied voltage could be realized via optimization of the CoPd alloy composition. Our results open a new perspective for the possibility of applying a FM/ piezoelectric hybrid system for nonvolatile memory devices. This work was supported by the Korean Ministry of Science and Technology through the Creative Research Initiative Project.
